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Abstract
In this work, we report the experimental results and theoretical analysis of strong localization of resonance
transmission modes generated by hybrid periodic/quasiperiodic heterostructures (HHs) based on porous silicon. The
HHs are formed by stacking a quasiperiodic Fibonacci (FN) substructure between two distributed Bragg reﬂectors
(DBRs). FN substructure deﬁnes the number of strong localized modes that can be tunable at any given wavelength
and be unfolded when a partial periodicity condition is imposed. These structures show interesting properties for
biomaterials research, biosensor applications and basic studies of adsorption of organic molecules. We also
demonstrate the sensitivity of HHs to material inﬁltration.
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Background
Photonic crystals are attractive optical materials to control
and manipulate the ﬂow of light. A periodic dielectric sys-
tem (multilayered), typically consisting of two alternated
dielectric materials with periodic variation of refractive
index (n), is the simplest photonic crystal (PC) [1]. The
propagation of electromagnetic radiation in PCs is for-
bidden in speciﬁc wavelength ranges (photonic band gaps
or PBGs) because the light wave is scattered at the lay-
ers’ interfaces, so the multiple-scattered waves interfere
destructively into the material [2]. The behavior of light
in a periodic scattering media can be described by Bloch
states [3]. In addition, localized modes can appear into
the PBGs by breaking the periodicity of the dielectric
multilayer, i.e., by introducing a defect into a PC [4]
that allows a narrow range of light wave frequencies to
propagate through the whole structure. Physically, the
defect is a single layer with diﬀerent optical parameters
(refractive index or thickness) or a completely diﬀerent
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multilayer substructure [5]. Novel applications to opti-
cal devices, such as all-optical circuit, dielectric mirrors,
Fabry-Perot ﬁlters, distributed feedback lasers, etc., have
been proposed for the above-mentioned structures with
localized modes. However, not only PCs based on peri-
odic or periodical structures with defects are of interest
but also deterministic aperiodic systems or quasicrystals
because of their unexpected optical features [6-10]. The
quasicrystals can be considered as a class of complex
dielectric structures between ordered crystals and fully
random structures. These structures show PBGs, but they
are non-periodic multilayer structures. The quasicrystal
structures are formed of layers with optical parameters
that obey deterministic rules [11]. The Fibonacci and
Thue-Morse mathematical sequences are two examples
of numbers generated by deterministic rules. In order to
associate these kinds of sequences to multilayer struc-
tures, it is necessary to deﬁne the so-called generators,
i.e., initial layers with speciﬁc values of their optical
properties.
Important applications for quasicrystal-type structures,
such as band-edge lasing [12], optical frequency-selective
ﬁlters [13], eﬃcient nonlinear ﬁlters [14], bistability [15],
and switching [16], have been suggested. In optical sensor
applications based on PCs, the sensitivity is associated
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with the capacity for binding analyte molecules to the
surface of the layers [17]. Porous silicon (PSi) has a great
capacity of binding molecules at its surface due to its
large speciﬁc superﬁcial area (≥ 200 m2/cm3) [18]. The
biocompatibility of the PSi [19] makes it a promising
material to be used as a biosensor. PSi is a nanostruc-
tured material [20] considered as a mix of silicon and
air with eﬀective optical parameters, and its optical and
structural features allow the fabrication of complex PCs
[21-23]. Since PSi is obtained by electrochemical etch-
ing, and the porosity is directly related to the refractive
index [24], it is possible to control its optical parame-
ters by controlling the thickness and porosity by means
of time and applied current during the process, respec-
tively [25]. These features allow the fabrication of several
types of one-dimensional (1D) PCs and the introduction
of complex defect layers into a periodic multilayer struc-
ture. The strong conﬁnement of electromagnetic ﬁelds
within the engineered defect layers is an advantage oﬀered
by PCs because it is highly dependent on the refrac-
tive indices and thickness of each constituent layer; any
change in these parameters is reﬂected as a change in
the optical response. It is possible to achieve a spec-
tral shift of the localized modes when a slight change of
refractive index in some layers or on the whole struc-
ture is induced. Such displacements could be obtained
by natural or thermal oxidation of the PSi structure or
by introducing into the pores some speciﬁc substances.
This advantage can be exploited particularly in biosensing
applications due to its high sensitivity requirements com-
pared to other sensors, which only use the weak evanes-
cent ﬁeld for sensing [26]. It is possible to obtain small
spectral shifts in the reﬂectance or transmittance mea-
sures by introducing solutions or analytes into the pores
of PSi, which can be monitored with exceptional preci-
sion. Numerous works have been published based on this
idea, but only the simplest PSi structures (i. e. monolay-
ers, distributed Bragg reﬂectors (DBRs), and several types
of ﬁlters) have been used to study diﬀerent molecular
species as proteins [27,28], DNA [29], solvents [30], neu-
rons [31], etc. However, the optical features of PSi complex
multilayer structures have not been explored widely for
their application in the biosensing area. From this per-
spective, our interest lies on the fabrication of a highly
eﬃcient photonic structure for biosensing purposes. To
achieve this goal, in this work, the fabrication of hybrid
heterostructures (HHs) based on PSi is proposed. The
HHs are a complex combination of the features of peri-
odic and quasiperiodic photonic structures. The study of
hybrid heterostructures has been approached in previous
works by other authors but only in the theoretical aspect,
and they not consider PSi nanostructures [32,33]. It is
the ﬁrst experimental study of HHs based on Fibonacci
(FN) sequences.
Methods
The HHs are formed by stacking a FN substructure
between two DBRs in the sequence (DBR)N − (FN)M −
(DBR)N [34]. The DBRs are formed by a periodic arrange-
ment of two alternated layers, A and B, N times. The
FN sequences are generated by the recursion relation
FM = FM−1 + FM−2 where M represents the order of
the sequence (M=2,3,4,...). It is possible to generate dielec-
tric multilayered structures that follow the FN mathe-
matical sequence of any order by choosing F0 = C and
F1 = CD where C and D are two diﬀerent layers. For
example, F2 = CDC, F3 = CDCCD, F4 = CDCCDCDC,
and so on. The HHs present strongly localized transmis-
sion modes as a function of the design parameters and
can be localized over a wide range of frequencies. The
HHs based on PSi studied in this work were obtained by
electrochemical etching from boron-doped silicon wafers
(100)-oriented and 0.007 to 0.013 cm resistivity. A small
piece of silicon wafer was used as substrate for etching in
an HF (40%) and ethanol (99.98%) solution in a volumetric
ratio of 1:1. More details about the process can be found in
reference [5]. In order to calculate the refractive index of
each layer for a given current density, we use the eﬀective
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This model provides the complex dielectric constant of
PSi (PSi) as a function of the dielectric constants of silicon
(Si) and air (air), as well as porosity fp. The values of fp
were calculated by the gravimetrical method. As the PSi
layers consist of only two optical media, the PSi value is
intermediate between the Si and air values, weighed by
the volume fraction 1−fp and fp, respectively, (in Equation
1 we take air=1). Solving for PSi in Equation 1, we obtain
PSi = 14
{
(2 − Si) + 3fP(Si − 1)
+ [((2 − Si) + 3fP(Si − 1))2 + 8Si]1/2} .
(2)
Cauchy model is useful to know the refractive index
(n) and the extinction coeﬃcient (k) for dielectric materi-
als (with exponential absorption), far from the absorption
bands [36], by the equations










Note that this model is deﬁned by ﬁve parameters: a, b,
c, d, and e. These parameters are adjusted to experimental
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Figure 1 Optical parameters n and k vs wavelength. The values
for layers with low and high porosity (40% and 77%, respectively)
were calculated using the Bruggeman and Cauchy models.
values of n and k for crystalline silicon from reference [37].
For example, in Figure 1, n and k are plotted for two diﬀer-
ent values of porosity (low and high) which correspond to
the design parameters for theA and B layers (40% and 77%
of porosity, respectively) of the DBRs mentioned above. In
all the simulations, we consider Equations 3 and 4.
For a λ value around 1.0 μm, the refractive index and
thickness for layer A is 1.4 and 178.5 nm, and for layer
B, 2.5 and 100 nm, respectively. The refractive indices for
C and D layers are 1.6 and 2.2, and their thicknesses are
156.25 and 113.64 nm, respectively. In all these layers, the
optical thickness nd, where n is the refractive index and
d is the physical thickness, has the constant value λ/4 =
250 nm. A schematic of the structure with the sequence
(DBR)4−(FN)4−(DBR)4 is shown in Figure 2, in which it
is possible to observe the formation of two optical modes
corresponding to λ/2 defects.
On the basis of this idea, structures with diﬀerent order
of the FN substructure were designed to show resonances
Figure 2 Schematic of the HHs. The number of periods for DBRs is N
= 4, and the order of the Fibonacci substructure isM = 4. Resonances
will be observed in reﬂectance spectra due to the λ/2 layer defects.
in the IR region. These resonances can be seen experi-
mentally like narrow transmission bands in a reﬂectance
spectrum. When the FN substructure is third, fourth, or
ﬁfth order (M = 3, 4, 5...), it presents one, two, or three res-
onance transmission modes, respectively. The number of
resonances is in direct analogy with the FN sequence (see
Table 1). N = 4 in DBRs substructures was kept constant
for all the structures.
The reﬂectivity measurements of 1D photonic crystals
based on PSi structures were carried out in an Agi-
lent spectrophotometer (Cary 5000 UV-VIS-NIR, Agilent
Technologies, Santa Clara, CA, USA), with the specu-
lar reﬂectance accessory (VASRA). All the spectra were
measured at an angle of incidence of 20°. Reﬂectivity mea-
surements were carried out with a p-polarized beam. The
experimental results were compared with those given by
the theory.
Theoretical model
To model the propagation of light in these systems, we
used the transfer matrix method [38]. If we consider an
electromagnetic (EM) wave propagating in the structure
with propagation constant k = k‖+kz, there are two inde-
pendent EM modes: transverse-magnetic (TM) modes
and transverse electric (TE) modes. The electric (mag-
netic) ﬁeld for the TE (TM) mode is perpendicular to the
plane deﬁned by the wave vector and the direction of peri-
odicity. Using the transfer matrix formalism, we can relate
the amplitudes of the ﬁelds E+jμ and (E
−
jμ) in the j− th layer














jμ) is the amplitude of the wave in the layer
j, with polarization μ(μ = s, p) traveling to the right
(left). For the case considered in this work, the total
Table 1 Fibonacci order, substructure, and sequence
FN substructure FN sequence and number
Generators: of defects Generators:






7 CDCCDCDCCDCCDCDCCDCDC . . . 8
FN, Fibonacci. F0 and F1 are the initial layers/values in the recursion relation.
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transfer matrix of the system can be written as a product







where qjμ = k2j /kjz for p-polarization and qjμ = (kjz) for
s-polarization; φj = kjzdj, kj = (ω/c)nj, kjz is the compo-
nent of the wave vector along the growth direction of the
system in the j − th layer given by kjz =
√
k2j − k2‖ ; and
nj = √j is the complex refractive index. The reﬂectiv-
ity of the system is given in terms of the matrix elements
of the total transfer matrix according to R = |M21/M11|2.
We have implemented a realistic transfer matrix approach
by considering the wavelength dependence of the refrac-
tive index as well as the optical absorption. Absorption is
a very important parameter, especially when considering
the visible region of the electromagnetic spectrum.
Results and discussion
In Figure 3, we present the optical reﬂectivity measure-
ments of three HHs (solid line). In all cases, strongly local-
ized transmission modes can be seen. The third-order
FN substructure (Figure 3a) (DBR)4 − (FN)3 − (DBR)4
presents one localized transmission mode at 988 nm with
19.7 nm of full width at half-maximum (FWHM). The
localized mode is produced by the two adjacent λ/4 layers,
in this case, two C layers in the FN substructure. The HH
based on the fourth-order FN substructure (Figure 3b)
Figure 3 Reﬂectance measurements of the HHs and their
theoretical simulation. The FN substructure was (a) third order, (b)
fourth order, and (c) ﬁfth order .
presents two localized modes at 977 and 1,112.4 nm with
a FWHMof 15.7 and 22.7 nm, respectively. The ﬁrst local-
ized transmission mode is produced again by two C layers
in the FN substructure. However, the second defect is pro-
duced by a C layer from an FN substructure adjacent to
an A layer from the DBR substructure. Even though the
refractive index and the thickness for both layers are dif-
ferent, their optical thickness is the same (nd = λ/4),
so the λ/2 condition is kept. Furthermore, in this case,
the condition of periodicity is met before and after the
defect. In Figure 3c, the ﬁfth order of the FN substruc-
ture between the DBRs produces three resonant modes at
934.5, 1,036.3, and 1,160.8 nm with FWHMs of 13.2, 14.8,
and 23.6, respectively. In this case, all the localized modes
are due to three pairs of C layers in the FN substructure.
For HHs corresponding to the upper order of FN sub-
structures, similar defects are found, and the number of
defects follows the numerical Fibonacci’s sequence (see
Table 1). The optical modes can be designed to appear at
almost any wavelength because they depend on the optical
thickness, i.e., we can design speciﬁc PSi structures with
the correct refractive indices and thicknesses to match
any electromagnetic region. Theoretical simulations of the
same HHs are also plotted in Figure 3 (dotted line). In
these simulations, we took the values of refractive index
and thickness mentioned in the ‘Methods’ section but
considering±0.05 deviation in the refractive index values.
From this ﬁgure, the excellent agreement with the experi-
mental results can be seen, which gives us certainty on the
theoretical modeling. This model takes into account the
n(λ) and k(λ) dependence for each layer.
Figure 4 shows a high-resolution scanning electron
microscopy (HRSEM) image of a HH with a FN substruc-
ture of fourth order; in this particular sample, there are
Figure 4 HRSEM of a HHs with the sequence
(DBR)5−(FN)4−(DBR)5. Dark and clear layers correspond to
high and low porosities, respectively .
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ﬁve periods for the DBRs. Three zones can be seen clearly:
the top and bottom zones correspond to DBRs, and the
middle one corresponds to the FN substructure. The dark
and clear zones are due to layers with high (low) and low
(high) porosities (refractive index value), respectively. The
lower contrast in the layers of FN substructure is due to
the low contrast in the refractive index of their constituent
layers compared to DBR layers. Measures of the thickness
of the layer’s in this and other HRSEM images showed an
excellent agreement between the observed thickness val-
ues and those calculated by the gravimetrical procedure
for each layer.
In order to show the eﬀect of two speciﬁc modiﬁ-
cations on the HHs, we chose the structure (DBR)4 −
(FN)4−(DBR)4 shown in Figure 3b. The ﬁrst modiﬁcation
consists of adding or removing layers from the FN sub-
structure; in any case, the Fibonacci sequence is lost. How-
ever, the spectral positions where the resonances appear
can be changed by this modiﬁcation. In Figure 5, the
eﬀect of removing some layers from the FN substructure
can be observed. The original structure from Figure 3b is
shown again in Figure 5a for reference. From the (DBR)4−
(FN)4 − (DBR)4 structure, the two last layers from the FN
substructure were removed, and the resulting structure is
now (DBR)4 − (CDCCDC) − (DBR)4. In Figure 5b, it can
be seen that the two resonances are localized at 960.7 and
1,143.6 nm with FWHMs of 17.4 and 28.6, respectively,
Figure 5 Reﬂectance of modiﬁed HHs in the FN substructure. (a)
Reference structure. (b) The last two layers of the FN substructure
have been removed. (c) A pair of DC layers has been added to the
end of the FN substructure .
so the range between the resonances has increased to
182.9 nm, the range being 135.4 nm before modifying
the FN sequence (Figure 5a). Moreover, the addition of
a pair of DC layers to the end of the FN substructure
results in the structure (DBR)4 − (FN)4DC − (DBR)4.
Figure 5c shows the resulting reﬂectance spectra after the
last modiﬁcation. Now, the optical resonances appear at
1,013.9 and 1,118.4 nm, so the new range between the
two resonances is 101.5 nm, i.e., the diﬀerence of the two
resonances’ spectral position has decreased, compared to
original HHs. This result can be explained taking into
account the interaction between the defect modes. The
larger the physical distance between the defect layers, the
weaker is the interaction of the eigenmodes so that they
can appear at the nearest frequencies when there is a very
long distance between defects layers. On the other hand,
when the distance between defects is short, the interac-
tion of the eigenmodes increases, but they cannot appear
at the same energy or frequency in the optical spectra.
Consequently, the localizedmodes in the reﬂectance spec-
tra appear more separated [40]. These important features
prove the ﬂexibility of the structures and their capacity to
localize the resonant modes at almost any wavelength as a
function of the design parameters. This tunability can be
exploited in optical devices, particularly in the biosensing
area.
The second modiﬁcation to the structure was carried
out by imposing a partial periodicity on the structure. The
unit cell is now formed by a DBR and a FN substructure.
In order to observe the split of the resonances, a DBR sub-
structure was added to the end of the whole structure.
In this way, FN substructures are always seen as defects.
Applying this modiﬁcation to the structure and using the
appropriated optical parameters, it is possible to observe
the unfolded resonance mode. The number of splitting
modes from each resonance modes depends on the num-
ber of times that the unit cell is repeated in the whole
structure. For example, repeating two times the unit cell
in the structure (DBR)4 − (FN)4 − (DBR)4, we obtain
(DBR)4−(FN)4−(DBR)4−(FN)4−(DBR)4, and the result-
ing reﬂectance spectra of the new structure (see Figure 6)
show twofold of each resonance mode that appears in the
original structure in Figure 3b. A threefold splitting can
be obtained by repeating three times the unit cell; fourfold
splitting would correspond to four times, and so on.
The eﬀective refractive index in PSi is the result of a
homogeneous mixture of air and silicon, so any mate-
rial inﬁltration into the pores displaces oﬀ part of the
air. Consequently, a red- or blueshift could be expected
in the optical reﬂectance spectra due to a partial change
of the optical parameters. The same eﬀect is expected
in monolayers and multilayers or even in more complex
PSi structures. So, red- or blueshift can be monitored
in order to estimate the sensitivity of the structures. To
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Figure 6 Reﬂectance spectra of HHs with a unit cell repeated
twice. The structure has two resonant modes unfolded .
achieve this in multilayered structures, it is preferable to
have strong localized modes in order to follow more eas-
ily the spectral displacements. The HHs developed in this
work have the strong localizedmodes needed, but they are
observed in very complex structures. However, we want
to demonstrate that these complex structures make them
more sensitive to material inﬁltration, in particular, when
biological molecules are placed into the pores of HHs
based on PSi. In order to know the feasibility of the HHs
to be used as biosensors, 3-aminopropyltriethoxysilane
(APTES) molecule was attached to the internal surface
of the structure [41]. To do this, it is necessary to fol-
low a speciﬁc process described here: (1) HHs based on
PSi were thermally stabilized at 900°C under oxygen ﬂow;
(2) APTES silanization was done in a 5% solution with
toluene during 1.5 h; (3) the samples were rinsed with
toluene and dried under nitrogen ﬂow, and ﬁnally, (4)
samples were baked in an oven at 110°C for 15 min.
The procedure to silane’s modiﬁcation is well described
elsewhere [42].
In Figure 7, the experimental reﬂectance spectra for the
inﬁltration process can be observed (solid line). A blue-
or redshift of the (DBR)4 − (FN)4 − (DBR)4 HHs in the
three stages of the procedure can be seen clearly. Figure 7a
shows the reﬂectance spectra of the sample as prepared.
The thermal stabilization of the samples in oxygen atmo-
sphere produces a partial transformation of the silicon
ﬁlaments to silicon dioxide. The refractive index of sili-
con dioxide is lower with respect to silicon; therefore, a
decrease in the eﬀective refractive index of the layers [43]
in the HHs can be detected by a large displacement of
the resonant modes to short wavelengths. This blueshift
is observed in Figure 7b and compared with a sample as
prepared in Figure 7a. Moreover, the inﬁltration of biolog-
ical molecules into the pores produces a redshift because
the APTES molecules displace the air from the pores.
The redshift of resonances can be easily detected by opti-
cal reﬂectance. As can be seen in Figure 7c, a redshift of
44.3 nm was obtained with respect to the oxidized sam-
ple (Figure 7b). Even by using low concentration of APTES
(approximately 5%), the spectral displacements are larger
than the previously reported ones in PSi structures that
were inﬁltrated with several molecular species [44,45].
This eﬀect can be attributed to the large speciﬁc surface
area of the PSi that allows us to have a large quantity
of available sites for chemical binding. This idea is based
on the saturation curves obtained for APTES in micro-
and mesoporous structures reported in reference [46] and
conﬁrmed in our samples (not shown for brevity). In order
to compare the sensitivity of the APTES inﬁltration in
HHs and the structure given in reference [45], we have
calculated theE (in electron volt) from the spectral posi-
tion of the resonance modes before and after the APTES
inﬁltration. In that reference, E ∼ 0.27 eV for structures
designed at 830 nm. In our case, E = 0.053 eV for λ =
1.0μm, according to the pore size criteria given above. An
important characteristic that the HHs oﬀer is the possibil-
ity to generate strong localized transmission modes that
allow us to better monitor their spectral displacements
even at a low concentration of analyte.
Theoretical simulation is also presented in Figure 7
(dashed line). In this case, unlike the ﬁrst simulations and
as a result of changes in the eﬀective refractive index
Figure 7 Experimental reﬂectance data of the
(DBR)4−(FN)4−(DBR)4 HHs. Solid line: (a) As obtained , (b)
thermally oxidized at 900°C, and (c) after APTES inﬁltration. Dashed
line, theoretical simulation .
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produced by thermal oxidation and APTES inﬁltration,
we introduced a constant ni in order to reproduce
the best possible experimental reﬂectance, where i cor-
responds to layers A, B, C and D. The values of ni
were adjusted, taking into account that the silicon diox-
ide grows at the expense of silicon (reducing the eﬀective
refractive index) and APTES displaces the air from the
pores (increasing the eﬀective refractive index). We found
that the values of ni induced by the APTES attachment
on the oxidized layers is ≤0.09 for each layer. Figure 7
shows a good agreement between the experimental and
calculated spectra. The simulation of the optical spec-
tra, based on experimental data of the HHs structures
with the molecule inﬁltration, could give us a quantita-
tive analysis method for material inﬁltration even at a very
low concentration.
Conclusions
In conclusion, we have been able to demonstrate the fab-
rication of hybrid heterostructures consisting of dielectric
multilayers of distributed Bragg reﬂectors and Fibonacci
type. Even considering the complexity of the HHs and the
multiple factors involved in PSi formation, we obtain a
very high quality and reproducibility in PSi multilayers in
our experimental setup. The possibility to localize reso-
nant modes and tuning them has been proven. Unfolding
of resonant modes can be generated by repeating peri-
odically the hybrid structure. The theoretical model is in
good agreement with the experimental data, so it could
be used to estimate changes in optical responses of chem-
ically modiﬁed structures. Such hybrid heterostructures
can be very promising in the ﬁeld of optoelectronics,
optical communications [47], and biosensors [48].
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